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ABSTRACT

We report for the first time a sample of 12 supermassive black holes (SMBHs) hosted by low-mass
galaxies at cosmic noon, i.e., in a redshift range consistent with the peak of star formation history:
z ~ 1 — 3. These black holes are two orders of magnitude too massive for the stellar content of their
hosts when compared with the local relation for active galaxies. These overmassive systems at cosmic
noon share similar properties with the high-z sources found ubiquitously in recent James Webb Space
Telescope (JWST) surveys (same range of black hole-to-stellar mass ratio, bolometric luminosity, and
Eddington ratio). We argue that black hole feedback processes, for which there is possible evidence in
five of the sources, and the differing environments in galactic nuclei at these respective epochs play a
key role in these overmassive systems. These findings contribute to our understanding of the growth
and co-evolution of SMBHs and their host galaxies across cosmic time, offering a link between the
early Universe (z > 4) observed by JWST and observations of the present-day Universe (z < 1).

Keywords: Active galaxies (17) — Dwarf galaxies(416) — Active galaxies(17) — Supermassive black

holes(1663) —Galaxy nuclei(609)

1. INTRODUCTION

Supermassive black holes (SMBHs; Mgy > 105 M)
reside at the center of most massive (with typically a
stellar mass M, ~ 10! My) galaxies (e.g., Kormendy &
Ho 2013) and grow through the accretion of matter and
via coalescences during galaxy mergers (Natarajan 2004;
Merritt & Milosavljevi¢ 2005; Volonteri 2012), which can
ignite active accretion (i.e. active galactic nuclei, AGN).

Tight correlations between BH mass and host galaxy
properties (e.g., bulge mass, stellar velocity dispersion;
e.g., Magorrian et al. 1998; Ferrarese & Merritt 2000;
Gebhardt et al. 2000) strongly suggest that the growth
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of galaxies is linked to that of their central BHs (e.g.,
Silk & Rees 1998), which can be accounted for if a frac-
tion of the AGN energy output couples with the galactic
medium and modulates star formation (thus regulating
the growth of the host galaxy; see Zhuang & Ho 2023
for a recent review). Despite the key role SMBHs are
now believed to play in galaxy formation and evolution,
understanding their origin remains a challenge. The dis-
covery of SMBHs as heavy as 10! Mg, at redshifts z ~
6-7 (~700 Myr after the Big Bang; see Fan et al. 2023
for a review) and of 105-10” M, at even earlier epochs
(z = 8.7, Larson et al. 2023; z = 10.3, Bogddn et al.
2024; z = 10.6, 440 Myr after the Big Bang, Maiolino
et al. 2024) suggests these SMBHs could have started
from seed BHs with masses in the range of 102 - 10° Mg,
(also dubbed intermediate-mass BHs) as early as z ~ 20
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(e.g., Volonteri 2010; Mezcua 2017; Greene et al. 2020;
Pacucci & Loeb 2022). Broadly speaking, two classes
of seeding models - light and heavy - have been pro-
posed and studied in detail (e.g., Natarajan 2014). Light
seed BHs of ~100 My are expected to have formed from
the death of the first generation of Population III stars;
while heavier seed BHs of ~ 10* — 105> Mg, could have
formed via direct collapse of pre-galactic gas (e.g., Loeb
& Rasio 1994; Lodato & Natarajan 2006). Other possi-
bilities include early super-Eddington growth (Volonteri
& Rees 2005), stellar mergers in early nuclear stellar
clusters (e.g., Portegies Zwart et al. 1999; Devecchi &
Volonteri 2009), rapid growth of light seeds via wind-
fed accretion in early nuclear star clusters (Alexander &
Natarajan 2014), and primordial BHs (e.g., Cappelluti
et al. 2022; Ziegler & Freese 2022). There is growing
evidence that the recent detection of 10°-10” My BHs
at z > 8 favors the heavy seeding scenario, as lighter
seeds would require periods of super-Eddington accre-
tion (e.g., Pacucci & Loeb 2022; Bogdédn et al. 2024;
Larson et al. 2023; Maiolino et al. 2024; Natarajan et al.
2024).

At low redshifts, insights into seeding can be obtained
from a multiplicity of observational probes, ranging from
the low-mass end of the BH occupation fraction (e.g.,
Ricarte & Natarajan 2018; Burke et al. 2023; Beck-
mann et al. 2023) to the BH mass function (e.g., Gallo
& Sesana 2019; Habouzit et al. 2021; Sicilia et al. 2022)
and luminosity function (e.g, Volonteri et al. 2008; Beck-
mann et al. 2023). These studies triggered a quest for ac-
tively accreting intermediate-mass BHs in dwarf galax-
ies, where they can be detected in large numbers as low-
mass (Mpn < 108 M) AGN (e.g., see review by Reines
2022). The use of optical spectroscopy has thus far
yielded detections of hundreds of AGN in dwarf galaxies
and provided estimates of the AGN occupation fractions
(taken as a proxy for BH occupation fraction) ranging
from < 1 % (Reines et al. 2013; Salehirad et al. 2022)
to ~ 20 % (Polimera et al. 2022; Mezcua & Dominguez
Sénchez 2020, 2024). AGN variability studies of large
samples of nearby sources are also providing interesting
constraints on the local BH occupation fractions (Burke
et al. 2024). AGN fractions of <1% corrected for com-
pleteness have been derived from X-ray surveys (e.g.,
Mezcua et al. 2018a; Birchall et al. 2020, 2022; Bykov
et al. 2024). Meanwhile, theoretical predictions for the
AGN fraction in dwarf galaxies have also been derived
(e.g, Pacucci et al. 2021). While these estimated AGN
fractions seem to favor heavy seeding BH models, a di-
rect link between the early seeds and the BHs powering
AGN in low-redshift dwarf galaxies remains to be firmly
established.

Recently, Siudek et al. (2023) identified a sample of
4,315 AGN in dwarf galaxies at 0.5 < z < 0.9, the
largest of its kind. The average BH mass of this sam-
ple is log Mpp = 8.2 Mg, derived from correlations be-
tween narrow emission lines (Baron & Ménard 2019).
This average BH mass is two orders of magnitude more
massive than expected from local BH-galaxy scaling re-
lations. Based on broad emission lines, Mezcua et al.
(2023) recently identified another sample of overmassive
BHs in dwarf galaxies at z ~0.4-0.9. Interestingly, the
James Webb Space Telescope (JWST) in its first year
of operation has found tens of such overmassive BHs at
z = 4 — 10, which lie 10 — 100 times above the local
Mpu-M, relation (Pacucci et al. 2023). Many of these
overmassive SMBHs are hosted in low-mass galaxies of
M, ~ 10% —10'° M (e.g., Bogdan et al. 2024; Furtak
et al. 2024; Harikane et al. 2023; Kocevski et al. 2023;
Kokorev et al. 2023; Maiolino et al. 2023, 2024; Stone
et al. 2023; Ubler et al. 2023).

The finding that these BHs are overmassive with re-
spect to the local Mpp-M, relation is not a conse-
quence of survey selection effects, but is rather expected
from some theoretical simulations (e.g., Agarwal et al.
2013; Inayoshi et al. 2022; Trinca et al. 2022), especially
if the SMBHs arise from heavy seeds (e.g., Scoggins
et al. 2023). Recent results from the ASTRID, Illus-
tris TNG50 simulation suites also predict the existence
of such an overmassive SMBH population in the local
Universe (Weller et al. 2023). At these late epochs,
environmental effects like tidal stripping of the stellar
component of host galaxies are implicated in causing the
central SMBHs in dwarf galaxies to be overmassive com-
pared to observed scaling relations (e.g., Ferré-Mateu
et al. 2018, 2021).

In this Letter we report on a sample of 12 low-mass
galaxies hosting overmassive BHs at z ~ 1—3, constitut-
ing the first such sample at the peak of cosmic star for-
mation history (referred to as the ‘cosmic noon’; Madau
& Dickinson 2014). These z ~ 1 — 3 overmassive BHs
and the z ~ 0.4 — 0.9 from Mezcua et al. (2023) share
the same properties as the z > 4 JWST overmassive
BHs, allowing us to study for the first time low-mass
galaxies in the high-redshift Universe with lower red-
shift counterparts and to probe BH-galaxy co-evolution
across cosmic time. The sample and data analysis are
described in Sect. 2. The results obtained are reported
in Sect. 3. Discussion and conclusions are provided in
Sect. 4. We adopt a A-CDM cosmology with Hy = 70
km s~! Mpc™!, Qp = 0.73 and Q,, = 0.27.

2. SAMPLE AND ANALYSIS
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The sample selection is performed following the same
procedure as in Mezcua et al. (2023), which we summa-
rize here.

2.1. Stellar mass measurements

We start from a parent sample of 1,161 broad-line
AGN galaxies identified in the VIMOS Public Extra-
galactic Redshift Survey (VIPERS), which includes
~90,000 spectra ranging from z = 0.1 to z = 4.56
(Scodeggio et al. 2018). We fit the multiwavelength
spectral energy distribution (SED) of these 1,161 galax-
ies from ultraviolet to infrared wavelengths using a
modified version of the SED code of Suh et al. (2019).
This includes a combination of galaxy and AGN tem-
plates, using the same SED libraries as in AGNFITTER
(Calistro Rivera et al. 2016). The best fit is initially
determined using a x? minimization. We note that
the delineation of the flux contribution from the stellar
component versus the AGN is extremely challenging and
here we do it adopting multiple independent empirical
methods.

For those sources with an X-ray detection in the
XMM-XXL catalogue (Chiappetti et al. 2018; 452 out
of the 1,161 broad-line AGN), we confirm that the rest-
frame luminosity at 2500A of the best-fitting AGN com-
ponent correlates with the X-ray luminosity, in agree-
ment with the X-ray-to-ultraviolet correlation of AGN
(e.g., Lusso & Risaliti 2016).

To account for the degeneracies inherent to the SED
fitting, we derive a probability distribution function
(PDF) for the stellar mass that considers an AGN frac-
tion (fagn) ranging from 0 to 1. We then perform the
SED fitting assuming that the galaxy emission domi-
nates over the AGN in the K-band, using the oldest
stellar population possible in order to obtain a conserva-
tive upper limit on the best-fit stellar mass. The differ-
ence between the highest most probable value (MsPDF)
and the best-fit stellar mass (MsBEST) is then taken as
the uncertainty in the stellar mass (see Fig. 4, top right
panel). An additional 0.2 dex is added to the uncer-
tainties in order to account for differences in the stellar
population models arising from factors such as the choice
of the Initial Mass Function. The star formation rate
(SFR) is derived from the best-fit SED as SFR oc et/7,
where the characteristic time of the exponentially de-
caying star formation histories of the stellar population
models range from 7=0.1 to 30 Gyr.

Since SED-fitted stellar masses are typically highly de-
pendent on the SED fitting code, we also derive the stel-
lar masses independently using the Code Investigating
GALaxy Emission (CIGALE; Boquien et al. 2019) and
adopting different parameters for the models of the stel-

lar populations and star formation history, dust emission
and attenuation, and AGN emission. For those sources
with X-ray emission, we also perform the SED fitting
with the X-CIGALE code (Yang et al. 2020), which in-
corporates X-ray fluxes. We find that even with these
different parameterizations the stellar masses are consis-
tent with those derived from AGNFITTER. More details
on the SED fitting can be found in the Appendices A
and B in Mezcua et al. (2023).

The sample of low-mass galaxies reported here are se-
lected as having z > 1 (those sources with z < 1 are
reported in Mezcua et al. 2023) and an MsBEST of log
M, < 9.5 Mg, which is the typical threshold considered
in studies of AGN in dwarf galaxies. This mass range
corresponds approximately to the stellar mass of the
Large Magellanic Cloud (e.g., Reines et al. 2013, 2020;
Mezcua et al. 2016, 2018a, 2019; Mezcua & Dominguez
Sénchez 2020, 2024). We consider only those galaxies
with an upper MsPDF not extending beyond 10'° M,
to restrict our sample to the low-mass regime. We note
that, because of the large uncertainties in the stellar
masses at intermediate to high redshifts, it is more ap-
propriate to use the term ‘low-mass’ rather than ‘dwarf’
to refer to those galaxies with M, < 10'° My found at
z 2 1, as at these redshifts we can only confidently dis-
tinguish between low-mass and massive galaxies. This
nomenclature we argue applies not only to this Letter
but also to those samples of low-mass galaxies derived
using JWST data. From now on, the term ‘dwarf’” will
therefore be used to refer only to local sources.

2.2. Emission line fitting

The cuts in redshift and stellar mass applied above
yield a sample of 13 low-mass AGN galaxies at z > 1.
To confirm the presence of broad emission lines in these
sources, we use the public Python QSO fitting code
(PyQSOFit; Guo et al. 2018) to fit their optical spec-
trum. PyQSOFit fits the continuum emission with a
power-law using a few emission-line-free regions and
then subtracting it. The rest-frame MgIl and CIV emis-
sion lines are then fitted using typically two components,
one broad and one narrow, where the narrow one is de-
fined as having a Full Width at Half Maximum (FWHM)
< 1,200 km s=! (Shen et al. 2019). As a result, PyQ-
SOFit outputs the line flux, FWHM, equivalent width
and dispersion of the broad and narrow components as
well as the continuum luminosity at 1350A and 3000A
(when available). A Monte Carlo approach is used to
compute the uncertainties in the emission line measure-
ments.
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For five of the 13 low-mass AGN galaxies, SDSS!
DR14 spectra are also available. We fit these SDSS spec-
tra using the same procedure as described above. We fa-
vor the SDSS fit over that of VIPERS for three sources,
for which the VIPERS spectrum contains only one emis-
sion line (e.g., only the CIV line is in the VIPERS
spectrum while in the SDSS there are additional lines,
namely, CIV and Lya) and the y? of the SDSS fit is
better than the one derived from VIPERS. For one of
these three sources, 401126746, the CIV line of the SDSS
spectrum shows an artifact that prevents a reliabe use
of the FWHM to derive the BH mass. For this source,
the BH mass is derived from the FWHM and luminos-
ity of the Hev emission line (Suh et al. 2020) detected in
Gemini/GNIRS Fast Turnaround observations (PI: Suh;
see Appendix A).

Five of the sources show possible asymmetric compo-
nents in the Lya, CIV or CIII] emission suggestive of
outflows (see e.g., Fig. 4). A thorough study of AGN
outflows is out of the scope of this paper. However,
in order to avoid any biases in the BH mass estima-
tions, for these galaxies the fit of the CIV emission line
is attempted with one additional broad component in
order to take the possible outflow into account. For four
out of the five sources, this does not improve the fit.
For the remaining source, 127008752, the addition of a
broad component yields a slight improvement of the fit
(x? = 0.9 versus x? = 1.4 when only using one broad
component) but also increases the FWHM of the broad
component used to derive the BH mass by a factor 1.2.
To be as conservative as possible, we thus proceed with
the fit that provides the lowest value of FWHM.

In total, we find that the optical VIPERS, SDSS, or
near-infrared Gemini/GNIRS spectrum are reliably fit-
ted by PyQSOFit for 12 out of the 13 low-mass AGN
galaxies. Our final sample is thus composed of 12 AGN
low-mass galaxies at z >1. The spectral fit of one of
these 12 sources is shown in the Appendix, Fig. 4, mid-
dle panel.

2.3. Black hole masses

BH masses are derived from the width of the Mgl (if
z < 2) or CIV or He (if z > 2) broad emission line com-
ponents and the line luminosity or adjacent continuum
at 1350 A or 3000 A, when available. We use the single-
epoch virial calibrations from Vestergaard & Peterson
(2006) and Shen & Liu (2012) based on a mean virial
factor € ~1 (e.g., Onken et al. 2004; Grier et al. 2013)
and with a scatter of ~0.3 dex (e.g., Shen & Liu 2012).
Adding in quadrature the measurement uncertainties

! Sloan Digital Sky Survey, https://www.sdss.org

of ~0.1 dex results in a total BH mass uncertainty of
~0.4 dex. A word of caution is warranted regarding
this methodology for estimating the BH mass for high-
z objects. Single-epoch virial calibrations, such as the
one from Vestergaard & Peterson (2006), are calibrated
in the local Universe, typically at z < 1. Hence, while
this constitutes the only viable methodology available
with current data, additional systematic effects could be
present in the BH mass estimates. This should however
not threaten the results here reported, which for most
sources should hold unless the BH masses are overesti-
mated by a factor ~ 60 (Pacucci et al. 2023).

AGN bolometric luminosities are derived from the
continuum luminosities at 1350A and 3000A apply-
ing the bolometric correction factors of Richards et al.
(2006). Eddington rates are then derived using Agqq =
Lbol/(MBH x 1.3 x 1038)

3. RESULTS

The new sample of 12 low-mass AGN galaxies here
reported have spectroscopic redshifts ranging from z =
1.32 to 2.78, constituting the first such sample at the
key epoch of cosmic noon (z ~ 1-3) where cosmic star
formation activity and BH growth reached their peaks
(e.g., Madau & Dickinson 2014). The SFRs of this ‘cos-
mic noon’ sample of 12 low-mass galaxies are in the
range log SFR = 1.1 to 1.7 M, yr~!, which locates them
above the main-sequence of star-forming galaxies (e.g.,
Whitaker et al. 2014). Five of the sources have a 0.2-12
keV X-ray counterpart in the 4XMM-DR13 catalogue
(Webb et al. 2020), with a k-corrected luminosity rang-
ing log Lo.a_1okev = 44.2 - 44.8 erg s~ ! that confirms
their AGN nature. We note that, given the estimated
bolometric luminosity of these sources (i.e., log Lyo ~
45-46 erg s~!, see Table 1), this leads to an average
hard X-ray bolometric correction of kx ~ 20, which is
in perfect agreement with the universal bolometric cor-
rections derived in e.g., Duras et al. (2020). The most
relevant information about each low-mass AGN galaxy
is provided in Table 1.

3.1. AGN properties

The ‘cosmic noon’ sample of 12 low-mass AGN galax-
ies at z ~ 1 — 3 have log Mpy = 7.3 — 8.9 Mg with
an average uncertainty of 0.4 dex. These SMBH masses
are two to three orders of magnitude higher than those
of the low-mass AGN found in local dwarf galaxies
(Mg < 105 Mg; e.g., Reines et al. 2013; Mezcua &
Dominguez Sanchez 2020, 2024). The bolometric lumi-
nosities of the ‘cosmic noon’ sample range from log Ly
= 44.9 to 46.1 erg s~ ! and are again orders of magni-
tude higher than those of AGN dwarf galaxies in the
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Table 1. Properties of the ‘cosmic noon’ sample of 12 low-mass galaxies at z ~ 1 — 3 hosting overmassive BHs.
VIPERS R.A. Dec. z log M. log Mgu log Lyo Survey Broad log Lx
D (J2000) (J2000) (M) (Mg)  (ergs™) Line  (ergs™!)
1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
402088938 22:07:12.95 +01:11:15.6 1.322 9.170°  8.6+0.3 45.0 VIPERS Mgll -
103212570 02:10:19.15  -05:38:55.4 1.384 9.4755  8.940.3 45.2 VIPERS Mgll -
116100529 02:26:07.33  -05:06:44.2 1.628 9.4759  7.3+1.2 45.2 VIPERS Mgll  44.240.3
117162807 02:28:22.40  -04:49:59.1  1.628 9.0757  8.440.3 45.4 VIPERS Mgll  44.5+1.6
113197834  02:13:08.20  -04:43:06.5 2.565 9.575%  8.140.4 46.1 SDSS CIV  44.740.3
401126746  22:02:56.52 +01:21:56.5 2.587 9.2707  8.840.3 45.3  SDSS/Gemini CIV/Ha -
405118143 22:17:53.28 +01:22:02.8 2.614 9.570%  7.740.3 - VIPERS C1IvV -
126027215 02:28:46.40 -04:32:34.6  2.696 9.2709 7.940.3 - VIPERS CIV  44.840.2
112102440 02:10:15.93  -05:08:32.8 2.738 9.07.3 8.440.3 - VIPERS CIV  44.740.2
411013198  22:15:28.50 +01:48:15.1 2.744 9.570% 83404 45.9 SDSS CIvV -
111011166  02:07:37.71  -05:34:31.7 2.744 9.475%  8.040.3 - VIPERS CIV -
127008752 02:32:35.83  -04:39:16.2 2.768 9.275%  8.340.3 - VIPERS CIvV -

Column designation: (1) VIPERS ID; (2,3) right ascension and declination; (4) redshift; (5) stellar mass derived from SED
fitting; (6) BH mass derived from single-epoch virial calibrations; (7) bolometric luminosity derived from the monochromatic
continuum luminosity at 1350 A or 3000 A; (8) survey for spectroscopy; (9) fitted broad emission line; (10) 0.2-12 keV X-ray
luminosity, if available. The uncertainties in the stellar mass include a 0.2 dex to account for differences in the stellar population
models. The uncertainties in BH mass are the quadratic sum of the measurement uncertainties (~0.1 dex) and the systematic
uncertainties carried by single-epoch virial calibrations (~0.3 dex).

local Universe (log Lyl ~ 40-42 erg s™1; e.g., Mezcua &

Dominguez Sdnchez 2020, 2024). The Eddington ratios
are in the range Agqq = 0.02 - 0.8, with a median value
Ardda = 0.2, indicating that the AGN low-mass galaxies
at z ~ 1—3 are mostly accreting at sub-Eddington rates.

The BH masses, bolometric luminosities, and Edding-
ton ratios of the low-mass AGN galaxies at z ~ 1—3 are
very similar to those of the seven AGN dwarf galaxies
found by Mezcua et al. (2023) at z = 0.35 — 0.93 (log
Mgy = 7.6-8.7 My, log Lo = 44.8 to 45.4 erg s 1, me-
dian Agqq = 0.1). The galaxy properties of both samples
are also very similar (same range of stellar masses and
of SFR), with all the sources being star-forming galax-
ies (see Mezcua et al. 2023). All together indicates that
the ‘cosmic noon’” AGN low-mass galaxies and those at
z < 1 are similar sources just observed at different cos-
mic epochs.

3.2. The Mpy-M, scaling relation

The AGN dwarf galaxies at z ~ 0.4 — 0.9 of Mezcua
et al. (2023) were found to host BHs more massive
than expected from the local Mpy-M, scaling relation
of AGN (e.g., at z < 0.05, Reines & Volonteri 2015; from
now on RV2015) and that at z ~ 0.4 — 2.5 of Suh et al.
(2020) (from now on Suh+2020). To investigate further
the ‘cosmic noon’ sample of 12 AGN low-mass galaxies
at z ~ 1 — 3 here reported, we locate them in the Mpy-
M, diagram and compare them to the RV2015 sample

of AGN in dwarf and massive galaxies, the Suh+2020
sample of AGN in massive galaxies, and the Shankar
et al. (2016) local correlation for inactive galaxies cor-
rected for resolution-related effects (see Fig. 1). As for
the Mezcua et al. (2023) sources, the new sample at
z ~ 1—3is also found to be overmassive with respect to
the stellar mass according to the local scaling relation
for AGN. The BH mass offset (AMpy) from the Mpy-
M, can be derived using a Monte Carlo approach, by
assigning 100 random variables to the My and M, dis-
tributions of each source and calculating AMgy based
on the distribution of 1002 possibilities over the number
of sources (e.g., Mezcua et al. 2018b; see Appendix D
in Mezcua et al. 2023). For the seven overmassive BHs
in Mezcua et al. (2023) at z = 0.35 — 0.93, the median
of the BH mass offset from the local 4+ intermediate-z
Mpa-M, correlation of Suh+2020 was AMpy = 3.2 £+
1.3 with a significance of 100% (30 level). The same
offset and significance are also now obtained for the new
sample of 12 AGN in low-mass galaxies at z ~ 1 — 3, in-
dicating that these sources at cosmic noon are also over-
massive. Combining the seven z < 1 sources of Mezcua
et al. (2023) with the new ‘cosmic noon’ sample of 12
sources, we also find the same AMpy but at a 50 level,
suggesting once more that the in total 19 AGN in low-
mass galaxies found from z = 0.35 to z = 2.7 in the
VIPERS survey share the same properties. When con-
sidering the local relation of inactive galaxies corrected
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for resolution-related selection effects of Shankar et al.
(2016), the sources are still as offset as they are from
the local scaling relation for AGN; this is a result that
will be further discussed in Sect. 4.

3.3. Owvermassive BHs across cosmic time

Tens of overmassive BHs have been recently found by
the JWST at z > 4. We compile here all those AGN
found by the JWST based on the detection of broad Ha
or Hf3 emission in low-mass galaxies of log M, < 10 Mg
at z ~ 4 — 8, shown as ‘JWST’ in Figs. 1-3: Harikane
et al. (2023), 10 sources; Ubler et al. (2023), one source;
Maiolino et al. (2023), 12 sources; Stone et al. (2023),
one source; Furtak et al. (2024), one source; Kokorev
et al. (2023), one source; Yue et al. (2023), two sources.
In the case of Ha emission (Harikane et al. 2023; Ubler
et al. 2023; Maiolino et al. 2023), the BH masses have
been computed using the virial correlations of Reines
et al. (2013) (see Pacucci et al. 2023). For the Harikane
et al. (2023) sources, we have added in quadrature the
typical 0.3 dex scatter of the virial relations to the in-
strumental BH mass error. In the case of HB emission
(Stone et al. 2023; Furtak et al. 2024; Kokorev et al.
2023; Yue et al. 2023), the BH masses have been de-
rived as for the VIPERS sources, using the relations
from Vestergaard & Peterson (2006) and Shen & Liu
(2012), or from calibrations of Greene & Ho (2005). As
for the VIPERS sources, the stellar masses of half of
the JWST sources (Ubler et al. 2023; Maiolino et al.
2023; Kokorev et al. 2023) have been derived via SED
fitting, allowing us only to distinguish between low-mass
and massive galaxies. For the remaining JWST sources
(Harikane et al. 2023; Stone et al. 2023; Yue et al. 2023),
the stellar masses have been more reliably derived using
spatial AGN-host decomposition.

The total of 28 JWST AGN in low-mass galaxies at
z > 4 here compiled are offset from the local Mgy-M,
correlation of active galaxies by AMpy = 2.8 + 1.9 at
a bo level, confirming that they are overmassive. Both
these JWST sources and the VIPERS ones at z = 0.35—
2.7 are indeed found to sit on the Mpp-M, at z =4—7
derived by Pacucci et al. (2023, red line in Fig. 1), which
deviates at more than 30 confidence level from the local
relation for AGN. We have run the same algorithm used
to infer the z > 4 relation in Pacucci et al. (2023), adding
the 19 low-mass galaxies investigated here at z < 3.
We find the following values for the intercept b and the
slope m of the linear relation: b = —2.27 + 0.67, and
m = 1.10 & 0.07. Remarkably, these values agree with
the ones initially inferred in Pacucci et al. (2023): b =
—2.43 £0.83, and m = 1.06 4+ 0.09. From a statistical
perspective, this test suggests that the z > 4 sample

discovered by JWST and the VIPERS sample at z < 3
(including the new sources here reported and those from
Mezcua et al. 2023) belong to the same population.

The VIPERS sources at z < 1 of Mezcua et al. (2023),
the new VIPERS sample at z ~ 1 — 3, and the JWST
sources at z > 4 also share the same range of Mgy /M,
ratios (see Fig. 2), ranging from ~0.2% to ~38%. Most
of the values are higher than the 1% threshold used to
define outlier sources (together with the Mgy > 107 Mg
criterion, van Son et al. 2019, which all of the VIPERS
sources and most of the JWST here compiled fullfill).
Therefore, the AGN in low-mass galaxies at z ~ 0.4 — 8
considered here, both from the VIPERS and JWST sur-
veys, host BHs that are outliers with regard to the local
Mpy-M, relation of active galaxies. This is indepen-
dent of whether the Mpy /M. ratio evolves with redshift
(Decarli et al. 2010; Merloni et al. 2010; Trakhtenbrot
& Netzer 2010; Bennert et al. 2011; Ding et al. 2020;
Caplar et al. 2018; Pacucci & Loeb 2024) or not (Jahnke
et al. 2009; Cisternas et al. 2011; Mullaney et al. 2012;
Sun et al. 2015; Setoguchi et al. 2021), see Fig. 2.

In addition to being overmassive, the JWST AGN in
low-mass galaxies at z > 4 also share a similar distribu-
tion of bolometric luminosities as the VIPERS sources
at z < 1 and the new VIPERS sample at z ~ 1 — 3
(see Fig. 3, top panel), with log Ly = 43.7 to 47.2 erg
s~!, and similar distribution of Eddington ratios (see
Fig. 3, bottom panel), with most of the sources accret-
ing at sub-Eddington rates (ie., Agag < 1). Applying
a Mann-Whitney statistical test between the VIPERS
sample (at z ~ 0.4 — 3) and the JWST sample (at
z > 4) returns a p-value greater than 0.02 both for the
Eddington ratio and the bolometric luminosity distri-
butions, hence we cannot reject the null hypothesis that
the two samples are drawn from the same distribution at
a 98% confidence level. We note though that perform-
ing a robust statistical test to compare two independent
samples when the sample size is very small is challeng-
ing. Yet, the statistical results seem to be consistent
with the visual inspection of the histograms presented in
Fig. 3, where we see that the central tendencies, spread,
and shapes between the samples are similar. All these
low-mass galaxies hosting overmassive AGN could thus
be similar sources simply detected at different cosmic
epochs.

4. DISCUSSION AND CONCLUSIONS

In this Letter, we report on the first sample of signifi-
cantly overmassive SMBHs detected at cosmic noon, i.e.,
in the redshift range z = 1 — 3. Remarkably, these over-
massive systems share several similar physical properties
(BH mass, stellar mass, bolometric luminosity, Edding-
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Figure 1. Mgnu versus M, for the VIPERS sample of AGN dwarf galaxies at z < 1 of Mezcua et al. (2023) (blue squares),
the new ‘cosmic noon’ sample of AGN in low-mass galaxies here reported (red squares), and a compilation of JWST AGN in
low-mass galaxies at z > 4 (purple squares). We also show for comparison the low-z AGN of Reines & Volonteri (2015) (RV2015,
blue dots) and the intermedidate-z AGN of Suh et al. (2020) (Suh+2020, red dots), whose masses have been computed using
the same procedure and parameters as the VIPERS samples. The solid black line shows the local + intermediate-z Mpu-M.
correlation found for the combination of the RV2015 and Suh+2020 samples with a 1o scatter of 0.5 dex. The red dashed line
shows the high-z Mgu-M. correlation found by Pacucci et al. (2023) for AGN found at z > 4 by JWST based on the detection
of broad He or HB emission. The green dashed-dotted line shows the Shankar et al. (2016) local correlation for inactive galaxies.

ton ratio) with their high-z counterparts, found ubiqui-
tously in recent JWST surveys.

Eilers et al. (2024) recently investigated four JWST
fields at z > 6 and found that the duty cycle for UV-
luminous quasars at these cosmic epochs is significantly
less than unity. This suggests that such high-z SMBHs
may undergo episodic and highly dust-obscured phases
of radiatively inefficient super-Eddington accretion. In
our ‘cosmic noon’ sample of AGN low-mass galaxies as
well as that at z < 1, all the sources are characterized
by sub-Eddington luminosities; most have an Edding-
ton ratio lower than 60% Eddington. Our sources are
all observed at z < 3 and are intrinsically less likely to

undergo extreme super-Eddington phases, as the avail-
ability of cold gas necessary to fuel such extreme growth
phases is much lower at these redshifts than at z > 6
(see, e.g., Power et al. 2010). Furthermore, we point out
that Juodzbalis et al. (2024) recently presented the dis-
covery at z > 6 of an extremely overmassive BH, with a
mass of ~ 40% the total stellar mass of the host galaxy,
which is accreting at the meager rate of 2% Eddington.
Hence, extraordinarily overmassive yet low-luminosity
SMBHs have already been detected in the early Uni-
verse.

In a recent study of variability-selected AGN in low-
mass galaxies at z ~ 0.5 — 4 drawn from the COSMOS



8 MEZCUA ET AL.

0.2
-0.3
1) m
L] “
-0.8 I - e
= z
= 1L~
I-13 ! T
. - i
> %o Mezcua+2023, 2~ 0.4-0.9
©-1.8 Y - m New sample, z~1-3

I = JWST, z~4-8
- — Suh+2020
— Sun+2015
— Setoguchi+2021
-- Decarli+2010

|
N
w

|
N
©

Trakhtenbrot+2010
-- Bennert+2011
-- Pacucci & Loeb2024

6 7 8 9

—33; 1 2 3 4

5
Redshift

Figure 2. Ratio of Mgu /M. versus redshift for the VIPERS
sample of AGN dwarf galaxies at z < 1 of Mezcua et al.
(2023), the new VIPERS ‘cosmic noon’ sample of AGN in
low-mass galaxies here reported, and a compilation of JWST
AGN in low-mass galaxies at z > 4. We show for comparison
the non-evolution found by Suh et al. (2020) for z ~ 0 — 2.5
(black line, 1o scatter~0.5 dex), Sun et al. (2015) for z ~
0—2 (brown line), and Setoguchi et al. (2021) for z ~ 1.2—1.7
(red line), and the z-evolution found by Decarli et al. (2010)
for z ~ 0 — 3 (dashed blue line), Trakhtenbrot & Netzer
(2010) for z ~ 0.1 — 2 (dashed yellow line), Bennert et al.
(2011) for z ~ 1 — 2 (dashed green line, including the data
of Merloni et al. 2010), and Pacucci & Loeb (2024) for the
JWST z > 4 population of overmassive BHs (dashed purple
line). We note that the Suh4-2020 sample is the only one for
which the BH and stellar masses have been computed using
the same procedure and parameters as the VIPERS samples.

survey (Scoville et al. 2007) and followed up in the Hyper
Suprime-Cam Subaru Strategic Program (HSC-SSP; Ai-
hara et al. 2022) - a sample coincident in redshift range
with the ‘cosmic noon’ sample studied here - Burke et al.
(2024) find that these sources are also overmassive com-
pared to the local Mgy — M, relation for active galaxies.
However, they appear to be consistent with the local re-
lation for inactive early-type galaxies, as would be the
case for some of the overmassive BHs here presented (at
cosmic noon and at z > 4 with JWST). Local inactive
galaxies with dynamical BH mass measurements tend
however to be biased by angular resolution-related se-
lection effects (e.g., Bernardi et al. 2007; Shankar et al.
2016). Using the resolution-corrected or debiased corre-
lation of local quiescent galaxies of Shankar et al. (2016;
see also Shankar et al. 2019, eq. 5) we find that both the
AGN in low-mass galaxies at cosmic noon and at z < 1
as well as the JWST ones at z > 4 are clearly offset
from the correlation (see Fig. 1). Such offset seems to
be softened for the JWST sources at z > 4 when using
the My — o correlation, where o is the stellar velocity
dispersion derived from the width of the [OIII] emission
line (e.g., Juodzbalis et al. 2024). The absence of such
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Figure 3. Distribution of bolometric luminosity (top) and
Eddington ratio (bottom) for the sample of AGN dwarf
galaxies at z < 1 of Mezcua et al. (2023), the new ‘cosmic
noon’ sample of AGN in low-mass galaxies here reported,
and a compilation of JWST AGN in low-mass galaxies at
z > 4.

line in the VIPERS spectra of the z ~ 1 — 3 sources
prevents probing this for the ‘cosmic noon’ sample.

With ~ 3 Gyr of cosmic time elapsed between the
median redshift of our ‘cosmic noon’ sample and the
JWST’s high-z sample, it is challenging to connect these
samples in a straightforward fashion as the causes for
departure from the local scaling relation are likely to
be different at these cosmic epochs. Nonetheless, some
considerations are worth mentioning.

At high redshifts, the existence of overmassive SMBHs
can be attributed to seeding physics. Recent cosmolog-
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ical simulations (e.g., Scoggins et al. 2023) suggest that
heavy seeding, for example as a result of the direct col-
lapse BH seed formation scenario, will result in an early
(i.e., z > 15 — 20) ratio of BH to stellar mass close
to unity (Agarwal et al. 2013). In other works (e.g.,
Bhowmick et al. 2024) lower mass seeds of < 10% Mg,
are already able to predict BH masses ~10-100 times
higher than expected from local scaling relations. By
cosmic noon, however, we expect two additional impor-
tant effects to modulate the scaling relations between
central SMBHs and the stellar content of their host
galaxies: (i) feedback processes and (iii) impact of in-
teractions/mergers leading to tidal stripping.

First, we note an important caveat: selection effects
might well be operating here. For instance, we do know
that the highest redshift (z > 6) JWST detected sources
are likely the most luminous population and are there-
fore outliers in terms of their luminosities and inferred
BH masses. It is conceivable that these extremely bright
sources are preferentially overmassive. It has been ar-
gued persuasively at least in the case of the z = 10.1
source UHZ1 that this system was likely seeded with a
massive seed of 10* — 105 M, causing it to be overmas-
sive (Bogdén et al. 2024; Natarajan et al. 2024). So
heavy seeding coupled with feedback physics as noted
by Pacucci & Loeb (2024) might be implicated for these
extremely high-redshift sources. However, the fact that
we still see overmassive systems ~ 3 Gyr after in cosmic
time could suggest that there exists a galaxy population
that even by these late times was not able to build up
enough stellar mass to shift towards the local Mgy — M,
relation.

The finding that these systems are still overmassive
at cosmic noon suggests that BH feedback processes are
playing a significant role in shaping their host galaxies
(Koudmani et al. 2022), likely quenching star formation
and stellar growth (e.g, Pacucci & Loeb 2024; Silk et al.
2024). This could explain the compactness and dust-
reddened emission of most of the high-z JWST sources
(Greene et al. 2024). Indeed, the presence of AGN out-
flows is prominent in one of the most distant AGN (GN-
z11; Maiolino et al. 2024) and in some of the Harikane
et al. (2023) sources here considered (for which Harikane
et al. 2023 correct the Ha line emission used to derive
the BH mass).

In the ‘cosmic noon’ sample here reported, five of
the sources show possible asymmetric components in
the Lya, CIV or CIII] emission indicative of outflows.
We note that in the local Universe evidence is growing
that AGN feedback can be equally or even more impor-
tant than supernova feedback in shaping dwarf galaxies
(Manzano-King et al. 2019; Mezcua et al. 2019; Liu et al.

2020; Davis et al. 2022; Schutte & Reines 2022), and
AGN feedback is expected to have impacted BH growth
in dwarf galaxies across cosmic time (Mezcua 2019).

A more comprehensive study of the detailed physics
of AGN feedback processes in the overmassive systems
at cosmic noon and beyond is required to better under-
stand the co-evolution and the mass assembly history
of stars and the SMBHs hosted in galaxies. In partic-
ular, the role of outflows in modulating asynchronous
BH-galaxy growth and/or growth in tandem is urgently
needed. In addition, as noted in recent analysis of sim-
ulations (e.g., Weller et al. 2023), environment is also
likely to play an important role in determining where
accreting sources fall in relation to the local Mgy — M,
relation. A recent study by Inayoshi & Ichikawa (2024)
suggests that dust-rich environments in the high-redshift
Universe could create conditions prone to generate in-
trinsically overmassive populations of BHs, with a dis-
tribution similar to what our data at z < 3 is showing.
Future follow-up observational studies to characterize
the immediate environments for signs of mergers and
interactions would enable us to derive a full picture of
the many competing effects that operate in co-evolution.
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APPENDIX

A. GEMINI OBSERVATIONS

We obtained a 0.8-2.5um spectrum of 401126746 using the Gemini Near-Infrared Spectrograph (GNIRS) on the
Gemini telescope with queue-observing mode, under the program GN-2021A-FT-216. GNIRS was configured using
a Short Blue camera (0,15” /pixel), 32 1/mm cross-dispersed mode, and a 0.675” wide slit. Observations utilized the
standard ABBA method of nodding along the slit to enable sky subtraction. We also observed telluric standard stars
before and after the observations. The data were reduced using the XDGNIRS pipeline developed by the Gemini
Observatory, based on the Gemini IRAF package. The reduction pipeline includes standard image cleaning for pattern
noise and artifacts, flatfielding, sky subtraction, distortion correction, and rectification of 2D data. The arc spectra
were used for wavelength calibration. The spectrum of the telluric standards was processed in a similar way, followed
by the removal of intrinsic hydrogen absorption lines, and used for the telluric corrections and flux calibration.
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Figure 4. One of the 12 ‘cosmic noon’ low-mass galaxies hosting an overmassive BH. Top left: Spectral energy distribution
fitting of the rest-frame observed ultraviolet, optical, and infrared (when available) photometry (black points) with the best-fit
model (black curve), including a combination of the galaxy template (green), an AGN accretion disk component (blue) and an
AGN dust torus model (yellow). Top right: PDF for the stellar mass taking into account all possible fractions of AGN emission
and providing an upper limit on the stellar mass. So the most probable value (MsPDF, blue dashed line) has a higher value
than the best-fit stellar mass (MsBEST, red solid line). The 16 and 84 percentile intervals (gray shades) are also indicated.
Middle: Emission line fitting of the VIPERS spectrum including the continuum emission (in yellow, top panel), and the broad
lines (in blue) decomposed into broad (in red) and narrow (in green) components (zoom-in in the bottom panels). Bottom:
Subaru Hyper Suprime-Cam image in the i-band.



